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LAMINAR BOUNDARY LAYER IN CONDITIONS OP "NATURAL" 

TRANSITION TO TURBULENT FLOW " 

N.F. Polyakov 

The development of turbulence in the boundary layer is one of the / 
major key problems of the dynamics of a viscous fluid. Solution of 
this problem is of groat importance both in the general theoretical 
aspect and in practical applications to different fields of technol- 
ogy. That interest which specialists all over the world display in 
this question and the continually increasing number of theoretical 
and experimental studies devoted to problems of the origination and 
regularities of development of perturbations in the boundary layer 
and phenomena of transition to the turbulent state are therefore not 
accidental. The entire complex of studies conducted by different sci- 
entists and groups of investigators in this area can be divided into 
three groups: a. theoretical work; b. model experiments; c. experi- 

mental work in conditions of "natural" transition to turbulence. 

There is no doubt that this division is not exhaustive and that, for 
individual works, it is difficult to establish the group to which they 
belong. As a whole however, this classification quite accurately re- 
flects the content of the published works. Without dwelling on group 

a, we discuss the characteristics and differences between groups b 
and c . 


Ue will understand model studies to be experiments which are 
characterized by the introduction of artificial perturbations with the 
capability of changing both the frequency and amplitude of the initial 
perturbation. Artificial perturbations are most often Introduced di- 
rectly into the boundary layer (by means of a vibrating strip for 
example). In the "natural" transition to turbulence, studies arc- 
made of the regularities of location of the transition region and 
structure of the perturbations in the boundary lay. : r or, with the ini- 

•* Numbers in the margin indicate pagination in the”' foreigiT'textl 
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tial characteristic intensities of a given aerodynamic situation, of 
the nature and spectral composition of the perturbations of the ex- 
ternal flow, or by the introduction cf given perturbations into the 
field of the flew incident on the model. The conditions of a model 
experiment are more easily controlled, and "group b ' is therefore 
most suitable for comparison with the conclusions of theory. This 
type of study begins with the well known experiments of Schubnuer and 
Skramsted with a vibrating strip, which 'was taken up in the work of 
Klebanov and, in the last decade, has been extensively developed in 
the Institute of Theoretical and Applied Mechanics, Siberian Section, 
USSR Academy of Sciences, in a series of studies of V.Ya. Levchenko, 
Yu.S. Kachanov and V.V. Kozlov. Studies under "natural" conditions 
are exploratory work as a rule, and they are connected with the si- 
multaneous action of a whole series ot parameters on the phenomenon 
studied. The results of such experiments also are quite interesting 
to theoreticians, since they permit individual rcgularit j.es to be ob- 
served with the construction of new theoretical models. Studies of 
the "natural" transition to turbulence are more complex, and the num- 
ber of such studies therefore is. evidently limited. 


m 


This work presents the results of experiments in study of the 
regularities of the "natural" transition of a laminar boundary layer 
(I.BL) to a turbulent layer at low subsonic air flow velocities. Anal- 
ysis of these data, their generalization and comparison of the re- 
sults obtained under various conditions viifch the conclusions of theory 
and "model" experiments are conducted. The interpretation of the 
facts described Is based mainly on the results ol studies performed in 
wind tunnel T-32*l at the Institute of Theoretical and Applied Mechan- 
ics, Siberian Section, USSR Academy of Sciences, published in 1971- 
1977 by the author or with his participation. A portion ol the ma- 
terials is published for the first time. There is no doubt that his 
impressions of the opinions reported in the theoretical and experi- 
mental works of other investigators have been superimposed on the 
conclusions and hypotheses expressed below. The work makes no claim 
to completeness but, on the contrary, it emphasizes the diversity and 
complexity of the phenomena connected with the origin and development 
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of perturbations of the flow in a laminar boundary layer in conditions 
of natural transition to turbulence and the need to continue the work 
in this area. Nevertheless, analysis of the facts presented in the 
work permit explanation (or confirmation of previously made hypoth- 
eses) of the causes of some discrepancies in the results of the ex- 
periments of different authors or features of the manifestation of 
individual regularities. 

Thus for example, it is well known that many factors affect the 
phenomena of transition of a laminar boundary layer to turbulent flow: 
degree of turbulence of the flow (e), longitudinal velocity gradients, /2j 
level and frequency of acoustical pressure, etc. The results of the 
experiments of Schubauer and Skramsted [1] to determine the relation- 
ship between the Reynolds number at the start of the transition (Re t ) 
and the degree of turbulence of the free flow have become classical 
and are widely cited in monographs and textbooks. 'Guided by these 
data as well as the results of the earlier experiments of Dryden, 
van Driest and Blumer [2], and based on some theoretical premises, 
the semiempirical relationship Re t ~-f (e) , which is in quite good agree- 
ment with experimental results, was proposed. A number of other 
studies are known which deal with this question. Subsequent experi- 
ments of other investigators show however that, at least in low in- 
tensity turbulence, the relationship Re t =f(e) is not unambiguous. The 
following dat; are presented in Fig. 1: 1. Schubauer and Skramsted 

[l]j 2. Wells -Jr. 13], 3- Spongier and Wells Jr. [H] ; A. V.M. Filippov 
C5]; 5 - Barnes [6]; 0. Boltz et al [?]- The open symbols show the re- 
sults of the author in measurements on a flat plate in different years. 

The experimental results presented in Fig. 1 both graphically show 
that function Rc^.(c) is not universal in the regions of small values 
of e and permit formulation of a number of questions: 


1. what caused the appearance of "wings" (Re,. =const [il- 


legible]) with 


e<0.12 from, the data of Schubauer and Skramsted? 


what are the causes of the significant discrepancy of 
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function Re^.-f(e) front the experimental results of [1, 5 ]^ and of the 
present work? 

3. why does the "wing" arise with 00.082 according to the 
data of the author? 



Fig. 1. 

A no less complicated situation is observed in the dependence of 
the transition Reynolds number on frequency and acoustical pressure 
level according to the data of various authors. Accordingly, the re- 
sults of the author of the present work ^nd of Spengler and Wells [<■:] 
are given in Fig. 2a and 2b. The data in Fig. 2a were obtained in 
study of the state of the boundary layer on a flat plate with zero 

*The question of comparison with the remaining results presented in 
Fig. 1 is not raised here, for the reason that only the experiments of 
[ 1 , 5 ] and the present article were performed on a f ] at plate with 
known a. nature of pressure distribution along the plate, and b. the 
conditions of conduct of the experiment. 



1] 


v> 



Fig. 2. 

Key: a. U=33 m/s 

b. U“12 m/s [4] 

c. Hz 


pressure gradient and 33 m/s flow velocity. A practically flat long!- /28 
tudinal acoustical field of discrete frequency was imposed on the flow . 

The acoustical pressure level was reduced t< acoustical velocity pulsa- 
tions (e D ) by the formulas "or a plane wave and dimensionless veloc- 
ities of the incident flow. The experiments in f.4] (Fig. 2b) were per- 
formed in study of the state of the boundary layer on the walls of a 
circular (cross section) working section with U=12 m/s. (In this case, 
the boundary layer undoubtedly was exposed to a noticeable longitudinal 
pressure gradient, although the data on the pressure distribution along 
the working portion are not presented by the authors of [4]. ) The 
acoustical pressure level of the longitudinal tield was presented here 
in the form of velocity pulsation intensities, measured with a hot 
wire anemometer. It fellows from Fig. 2a and 2b chat function Re^.(f. ) 
also is not universal. At the same time. a natural quest Lon i^: 
why is the monotonic nature of the dependence of Re t on acoustical 
frequency f n , clearly displayed in [4], disturbed in Fig. . 2a? The an- 




swer to this, just like to- the 
the experimental facts and the 
state and spectral composition 
boundary layer are examined in 
transition to turbulence. One 
state of the boundary layer is 


questions raised above, can be found if 
effects of different parameters on the 
cf the perturbations in the laminar 
the stages preceding the region of 
important factor which affects the 
the value and sign of the longitudinal 


pressure gradients. 



Pig- 3- 


As early as the experiments of Sehubauer and Shrams ted [1], the 
effect of pressure gradients on the position of the neutral stability 
curve (NSC) was demonstrated. This question has now been studied 
theoretically with exhaustive completeness (see [3] for example) with- 
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Fig. 

Key: a. Incident flow 


in the framework of 
linear theory for both a 
two dimensional and a 
three dimensional lami- 
nar boundary layer. The 
effect of small nega- 
tive pressure gradients 
on the Re^ number was 
investigated experimen- 
tally in [5]. An at- 
tempt was made in [$, 

10] to study the effect 



of small pressur_ gradients on the Re^ number, by changing angle of 
incidence a of a flat plate with an ellipsoidal tip (half axis ratio 
b :a-l : 33 ) within -10 ! <k< 15'. The results of these measurements (Fig. 
3) showed that the Re» 0 number depends essentially on small changes 
of the angle cf incidence right up to the appearance of crisis phe- 
nomena. Analysis of pressure distribution data along the plate 
showed that small changes of the angle of incidence have almost no 
effect on the pressure gradient on ohe primary portion of the plate, 
but it significantly changes the nature and magnitude of the pressure 
gradients near the leading edge. These facts permit Led the proposal 
that the main cause of abrupt (right up to critical) changes of the 
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Re t nutober v;ith sraa11 changes of the angle of incidence of the plate 
are local pressure gradients at the leading edge [9, 1G]. To prove 
this hypothesis and work out a method of control of the nature of the 
pressure distribution on the initial sections of the plate, a series 
of experiments v;as performed [11] on a 3900 mm long plate equipped 
with a flap which has a 150 mm chord (Fig. if). 2 A D16T alloy plate 
with degree of smoothness no worse than V9-V10 and nonplanarity cf 
no more than 0.05 mm/.: had an ellipsoidal leading edge with half axis 
ratio b:a=2 mm:l65 mm on the top (working) part of the surface. The 
lower portion of the initial section was formed of a half ellipse 
with half axis ratio b:a=l:33 smoothly .joined with the entrance of 
the local curve. The radius of curvature of the leading edge was 
0.5 mm. The plate was arranged in the horizontal plane and occupied 
the entire width of the working section (1.0 m). A small change of 
angle of adjustment $ of the flap permitted action on the nature of 


To establish a "soft 1 access of the flow to the plate and create a 
favorable pressure discribution on the leading eap,e, installation n 
a series of bars across the flow in the area of Hie trailing edge o 
the plate was used in [5]. 
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pressure distribution at the leading edge without axfecting the pres- 
sure gradient on the main part of the plate. The nature of the pres- 
sure distribution on the leading edge of the plate with different 
angles of adjustment <{> of the flap is shown in Fig. 5* Measurement 
of the Reynolds number of the start of the transition (Re fc ) as a func- 
tion o 1 flow velocity (or, which is the same thing, ox unit Reynolds 
number U/v m** 1 ), with varied pressure distribution un the leading 
edge of the plate, is presented in Fig. S. The numbering of the 
curves in Fig. 6 corresponds to the Fig. 5 data. The "a" symbols of 
seme Fig. 6 numbers mean that the measurements were conducted twice 
with resetting of angle <J» of the flap. In these cases, indices of 
the same geometry on a curve are distinguished by shading. The re- 
sults presented in Fig. 5 and 6 indicate that the nature oj. the pres- 
sure distribution on the leading edge of the plate, especially vnen 
sections with positive pressure gi’adients are present, sharply af- 
fects the position of the region of transition to turbulence. The 
appearance of even small rarefaction peaks (curve 3- for example) leads 
to instability of the beginning of the transition region and to scat- 
tering of the experimental values of Re^.- We note that the entire 
series of measurements presented in Fig. 5 and 6 was performed with 
a small positive velocity gradient above the main section oi the 
plate equal 


to ^0.0035 m" 1 , since the angle ox' incidence of the 
U dX # # 

plate (along the working part of the surface) was 0 in th: j .s case. 


With the abovemen tioned taken into account, it becomes clear 
why, in reference to Fig. 1 in the introduction, the stipulut-Lon Wets 
made of comparability of the data of only three works ([], 5] and the 
present work). The nature of the pressure distribution on the initial 
sections of the plates for these works, which correspond to function 
Re^Cc) in Fig. 1, is presented in Fig. 7 (1. data of author; 2. from 
[1]; 3- from [53). 


The attention of tho reader should be dr awn to soxll another 
circumstance. High values of the numbers Re t <*i.5*10 , obtained by 
the author and in [5], are not only associated with the quite low 
level of perturbation of the flow with appropriate establishment of 


/3i 


9 



f, 


t v-i: - » 

i 


l 



ibUi K m.Ut *■- U «i- 



Fig. 7. 


the nature of the pressure distribution along the plate. VJith a 
larger size working section (larger span dimension of the plate), the 
Re number can be higher. The fact is that, in the interaction of the 
boundary layers at the points of joining 01 the plate wi^h the verti- 
cal walls of the working section, a turbulent layer originates, which 
forms turbulent wedges downstream from the leading edge with aper- 
ture angle 11°-12°. The limiting extent of the laminar layer, even 
with low velocities and plate span b=l i.t, therefore does not exceed a 
value of approximately 2.2 m along the plate axis. This fact was in- 
vestigated by V.N. Filippov and confirmed by measurements of the au- 
thor. We also note that, for a plate with b=l m for example, an in- 
crease of flow velocity (in the range U<30-33 m/s) can only result in 
an apparent increase of the Re t numbers, since the positions of the 
turbulent wedges remains fixed in a specific range of velocities. 

The experiments of Filippov C5l anu of the author oi the present 1-nen 
show that an increase in flow velocity beyond the xainits of this 
range leads to a decrease of the Re t numbers. The question of the ef- 
fect of velocity will be discussed below in Section 6. 





2. Frequency Spectra of Perturbations In Laminar Boundary Layer 

Studies of tne frequency spectra of the U' component of the ve- /. 
locity pulsations in the boundary layer at different stages of its de- 
velopment were performed with near zero pressure gradients in the 
main sections of the plate [9> 12]. A typical series of spectrograms 
are presented in Fig. 8, with degree of turoulence of the incident^ 
flow U ' /U'vO . 04£ and external flov; velocity U=51.5 m/s (U/v=3- 18-10 
m - ^). The hot wire anemometer sensor was moved a fixed distance 
from the surface of plate of approximately y/fi^l. For convenience 
in examination, each subsequent spectrogram was displaced +10 dB 
relative to the preceding one. The band of clipped frequencies is 
constant and is Af=6 Hz. A series of spectrograms is presented in 
Fig. 9, with artificially increased degree of turbulence U'/U=0.l»l% 
(U-43.5 m/s, U/v=2Ji5-10 6 m” 1 ). Each subsequent spectrogram also is 
displaced +10 dB relative to the preceding one with increase in dis- 
tance from the leading edge of 100 mm. Spectrogram 1 corresponds to 
X-0.2 m. The unnumbered spectrogram in Fig. 9 shows the noise level 
of the equipment at U=0. Analysis of the spectrograms in Fig. 8 and 


9 (and those similar to them which correspond to other flow param- 
eters) permits attention to be drawn to a number of facts. 


1. In the laminar boundary layer v ith small ( e tJ ^0 . ) and 
medium levels of perturbation, there practically always is 

a package of frequencies which correspond to the instability region, 
with a predominant amplitude. With increase in Reynolds number, she 
amplitude of f..s central frequency of this package ("fundamental 
tone") incre- -s. 


2. In the power spectra, besides the "fundamental tone," there 
also are packages of higher frequencies, which evidently reflect 
nonlinear effects, as well as lower frequencies which exist in a con- 
tinuous spectrum as a rule. 


ierveu o 


3. An increase in amplitude of tne "fundamental tone’' is ob- 
a only within the theoretical instability region (Fig. 10). The 












discrete, and the effect of appearance of the difference frequencies 

is manifested by an Increase of the low frequency components in the 
continuous spectrum. 



Pig. 10. 1. Neutral stability curve; 2. U=21.Q m/s 

3* u "52 m/s, e u =0.033%; 4. U=4l.2 m/s^ 

G u “0 • 026/i ; 5. T J=*i0.5 m/s, e u =0.i)l£. 

We consider the circumstance that, with the appearance of tur- 
bulent spot;?, a i appreciable increase of the higher (compared with the 
"fundamental tone") frequencies begins in the continuous spectrum, the 
Increase of which with increase in the alternation factor . aads to 
smoothing of the power spectrum and its approach to the form character- 
istic of developed turbulent flow (see spectra with X^O.65 m in Pig. 

8 and No. 7 and higher ones in Pig. 9). 


We also note that an increase in the degree of turbulence of the 
external flow to 0.4lj5, accomplished by installation of a d~0.3 mm 
wire grid with 5 mmx5 mm mesh at the start of the -working section did 
not change the fundamental structure of the perturbations in the 
boundary layer [9], although it resulted in earlier transition to 
turbulence (Re t -1.6*10^ with e -0.41* and Rs t .»2.6*i0^ with a - 0 . 05 ?!). 

U L > U 





This evidently is associated with the situation that a change in de- 
gree of turbulence of the external, flow, as the measurements showed, 
led to broadening of the perturbation spectrum in the direction of 
higher frequencies right up to 5 kHz, practically without affecting 
the low frequency pulsations observed with low degree of turbulence. 
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Analysis of the spectro- 
grams of velocity pulsations 
in the boundary layer com- 
bined with the spectrograms 
of perturbations of the ex- 
ternal flow (velocity pulsa- 
tion and pressure pulsation 
component), as well as of the 
vibration spectrograms of the 
plate under study, shows that 
the package of the discrete 
frequencies of the "funda- 
mental tone" corresponds in 
the majority of cases to the 
clearly distinguished pack- 
ages of the same frequencies 
in the external perturbation 
spectra. Although discrete 
frequency packages in the ex- 
ternal perturbation spectrum 
are observed in other cases, 
they are less clearly dis- 

These facts permit the proposal that the origination 
and development of discrete packages of hydrodynamic waves ("funda- 
mental tone") which correspond to tne instability regions occur in 
the laminar boundary laye: in the cases under study due to the dis- 
crete components of the s ' me frequencies in the extern .>.1 perturbation 
spectra [14]. However, comparison of the external perturbation en- 
ergies with the pulsation intensities observed in the uoundary layer 
and the absence of measurements which permits tracing of the rieohan- 


11. U=43-5 m/s; U/v-2.fi3*10 

m - *; 1. (u’/u i )Af^lO Hz-5 kHz; 2 . 


Fig. 

-1 


f-150 Hz, 
F-5'J'iCT 6 ; 


? =8.2-10‘ 


3- 


f=550-Hz, 

4. f=650 Hz, F-35.5-10 -6 . 


Key: a. Af=4 Hz 


tinguished. 
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ism of penetration of external perturbations into the boundary layer 
do not permit these facts to be considered absolutely proven at this 
stage. Some doubt is introduced into this question by the fact that 
measurements of the external perturbations were made in the flew 
above the working part of the plate. The completely natural ques- 
tion therefore arises: which of the measured values is primary and 

which is derivative? Only supplementary experiments can give an 
answer to this question. 
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in 1.5 2.0 2.5 3.0 lO'-'lRq 

6 -1 

Pig. 12. U=43-5 m/s: U/v*2. 65*10 m ; 

v/6=0.2M; U=0 . ’{=const : 1. U’ in 10 Hz- 
5kHz frequency band; 2. AU’; f=150 Hz; 
3. AU’; f-550 Hz; t . AU' ; f=650 Hz; 

5(3) > 5 ( t| ) , 5(2) is the instability 
region . 


., It was shown in [15] 

I •• ■ *' 

^AUmin * T?JjOTT — r that the conversion of 

2.0 ZZZ—Zl — —go- external perturbations at 

J* the leading edge of the 

plate is one possible 

1.0 jfJ “ mechanism of excitation 

/ ~~)r<y ><r i of Tollmin-Schlichting 

o --} waves in the boundary 

i.o 1.5 2.o 2.5 3.0 lO'-'lRq layer. Manifestations 

Pig. 12. U=M3.5 m/s: U/v*2.65*10 6 m -1 ; of this mechanism under 

y/S=0 . 2t : U=0 . ’{=const : 1- U’ in 10 Hz- natural conditions will 

5kHz frequency band; 2. AU’; f “150 Hz; , .. 

X . AU' ; f-550 Hz; n. AU' ; f-650 Hz; be presented below in 

5(3), 5(*0, 5(2) is the instability the appropriate section, 

region. tut we nov; discuss how 

perturbations of some characteristic fre [uencies develop in a laminar 
boundary laver. It followed from the velocity pulsation spectrogre.mo 
measured at U-43.-5 m/s (U/v«2 . 62 • !0 6 nf 1 ) in the boundary layer near 
the leading edge before the appearance of the turbulent spots that 
the perturbation packages with central frequencies f=150 Hz, 550 Hz 
and 650 Hz corresponding to frequency parameters iU » 

30 -10 ” 6 and 35.5*10~ 6 merit the greatest attention. For these fre- 
quencies, the intensity distribution .of velocity pulsations in the 
Af=t Hz frequency band was measured as a function ox the He nu.nbcx 
(see curves 2, 3 and k in Fig. H) with U/U 6 =const, as well as the 
integral intensity of the velocity pulsations in the frequency band 
from 10 Hz to 5 kHz (curve 1 in Fig. 11). The shaded symbols at 
Re”^2.7*10 3 note the point of appearance of turbulent spots. 


The 
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fact that, before the transition to turbulence, the integral pulsation 
intensity exceeds the -pulsation intensity of the discrete frequency 
packages by more than an order of magnitude attracts atcention.' It is 
evident however that preclse3.y the discrete frequencies play a de- 
cisive role in the transition phenomenon, since the intensive increase 
in amplitude of these frequencies begins long before the appearance of 
turbulent formations. This follows more graphically from Pig. 12, in 
which the Fig. 11 data are presented (with the same notations) in the 
semilogarithmic scale, where the amplitudes of the velocity pulsations /lQ 
at each point are relative to their minimum values. It is clearly 
evident that oscillations of quite small absolute value from central 
frequency fQ = 6oO Hz (curves F=35.5‘10 ^ ) play the main part in the 
transition phenomena. Precisely this wave process, the amplitude of 
which increases by two orders of magnitude, begins to decay with the 
appearance of the turbulent spots. The position of the theoretical 
instability region for the discrete frequencies selected In the exper- 
iment is designated by the dashed lines in the upper part of the graph 
(correspondence of the range of Re" numbers of the instability region 
for a given rise curve is indicated by the number in parentheses). 

It is evident that the development of vibrations with frequency f -650 
Hz (just as with frequency 550 Hz) occurs entirely within the limits 
oj. the Instability region. It is noteworthy that the rise of the 150 
Hz pulsations begins long before approach to the first branch of the 
neutral stability curve (see curve 2 and dashed line 5(2) :in Fig, 12). 

The facts presented permit it to be stated that, despite the 
complexity of the perturbation structure, the laminar boundary layer 
in conditions of a "natural" transition to turbulence, at least at low 
and medium levels of external flow perturbations, basically obeys the 
regularities and conclusions of stability theory. We particularly em- 
phasize that, unaer the conditions described, the appearance of tur- 
bulent/ spots is associated with destruction of the frequency package 
v/hich corresponds to the zone of the theoretical instability region, 
and the transition to turbulence consequently occurs as the result of 
che development of Tollrnin-.3ehiIchtj.ng waves . In all the cases dis- 
cussed above, the average velocity profile right up to the appearance 
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VJe obtain the answers to these questions by examination of the 
results of experiments to investigate the frequency structure of the 
perturbations in the laminar boundary 1 yer of a flat piate with de- 
gree of turbulence of the incident flow e^O.7*. The spectral com- 
position of the U* component of the velocity pulsations in the bound- 
ary layer is presented in Fig. 13 , with flow velocity 0=21 ir/s at the 
following distances from the leading edge: curve 2. X=0.015 m, 

Re"=250; curve 3. X=0.075 m, Re"=550; 4. X=0J4 m, Re”=1280. These 
data were obtained with U=U^/U6=-0 . ^5 * This corresponds to the maxi- 
mum intensity throughout the layer. The spectral composition of the 
incident flow perturbations with X--0.05 m is shown by curve 1. The 
basic regularities of the perturbation spectra with increased turbu- 
lence is that > with increase in Reynolds number: a. the integral 

level of the perturbations increases (see horizontal lines on insets 
in the left part cf the graph); b , the spectra become more and more 
filled in the low frequency region with simultaneous "filtration" of 
the high frequencies; c. the development of perturbations occurs in 
a smooth spectrum without segregation of discrete frequencies. In 
order not to clutter up the picture , the perturbation spectra for 
X=0.125 m and X-0.25 m measured in the experiments are not presented 
in Fig. 13* These curves are located between lines 3 and 4 V in com- 
plete agreement with the regularities reported above. Pulsation 
spectra with number Re ,,=s 1280 (the Reynolds number of the start of the 
transition is 0.78*10^ or Re‘ ! n =1520) in the boundary layer with IT-O.^iS 
(curve 1) and at its boundary with U=1 (curve 2). These data confirm 
the conclusion that, with increase in turbulence, the boundary layer 
operates as a high frequency "filter" and low frequency "amplifier." 



The cross hatched columns in Fig. 13, l'i designate the theoret- 
ical unstable frequency region for the corresponding Re tf numbers. It 
is evident here that, with increase in Re number, the lower frequency 
oscillations develop actively, but the frequency amplitudes, which 
should increase accord ing to linear stability theory, die out. 


^The reasons for development and role of a package of discrete fre- 
quencies with f £100 Hz will be discussed below in Section 5 of the 
present work. 
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in Fig. 15; the points, experiment). This corresponds to the data of 
[16, etc.]. Since the average velocity profile occupies an intermedi- 
ate position between the Blasius profile and the profile of a devel- 
oped turbulent layer with increase in degree of turbulence, such a 
boundary layer v;as called p s e u d o laminar in the 'work of Ye.P. Dyban 
and E.Ya. Epik [16, etc.]. The nature of the intensity distribution 
the velocity pulsations throughout the boundary layer is presented 
in Fig. 15 (curve 2). The results of these experiments confirm the 
hypothesis of Rogler and Reshetko that, "with increase in the inten- 
sity oi external flow perturbations, the development of perturbations 
in a laminar boundary layer can occur with an augmented transition to 
nonlinear interaction (and to turbulence) by bypassing the stage of 
formation and subseo A uent amplification of Tolimin-Schlichting waves" 
[1(]- We thus see that, in conditions of an increased degree of 
turbulence of the external flow, the transition to turbulent flow in 
the laminar boundary layer, in distinction from the conditions with 
reduced turbulence, occurs according to its own principles, bypassing 
the stage of development of Tolimin-Schlichting waves. It can be 
stated in this respect that, depending on the degree of turbulence of 
the external flow, there are at least two different types of mechan- 
ism Oj. the development of perturbations in the boundary layer in the 
"natural" transition to turbulence. 


^ 1. Effect of Longitudinal Acousti cal Field of Discrete Frequency on 
Boundary La y er Structure and State ‘ ' ‘ “ — ' 

The question of the effect of sound on the state and structure 
of the boundary layer merits special attention for two reasons: 


I. the boundary layer in full scale conditions of flight 
vehicles is subjected to the action of acoustical fields of different 
levels and spectra.! composition as a rule; 


2. wind tunnels, even with a very low level of 


of the flow, have their characteristic 
level of acoustical pressure with the 


acoustical f:‘elds 
f r e q u o n c y s p e e t r u m 


perturbation 
of a given 
features 


/ J l 7 


2.1 



characteristic of a given installation. 




The significant difference of function Re t (e , f 0 ) from the 
data of various authors (see Fig. 2a and 2b) was pointed out in the 
introduction. Different aspects of the effect of a flat longitudinal 
acoustical field on the state of a laminar boundary layer have been 
discussed by many authors and reported in particular in Ll8, IS, 21]. 
Without dwelling on details of the conduct of these studies, we only- 
note the basic conclusions by way of repoi’ting. The studies showed 
that, with constant Re number <Re t and a constant acoustical pressure 
level, the laminar boundary layer is sensitive to discrete sound fre- 
quencies only in a specific "active" frequency band which covers part 
of the theoretical instability region and is located mainly beyond 
the limits of branch IT of the neutral curve [18, 20]. A sharply de- 
fined role of only individual discrete sound frequencies, as follows 
from [4, 21], has not teen revealed. 3y changing the acoustical pres- 


ieve 1 of 


active" frequency, varied boundary 


states (from the excited laminar 


to the developed turbulent) could 
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Fig. 17. 

Key: b. f, kHz 


easily be induced (with 
Re<Re^). Thus, for exam- 

v r 

pie, for Re=2.03'10 (U-^30 

m/s, "natural" transition 
with Re^£2 . 8 • 10 ) the re- 
actions of the boundary 
layer (e, mV, is the root 
mean square value of the 
voltage pulsations at the 
hot wire anemometer out- 
put) as a function of the 
acoustical pressure level 
for acoustical frequencies 
f 0 =350 Hz and ^20 Hz, is 
presented in Fig. 16. The 
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varied degrees of shading of the symbols correspond to the value of 
the alternation factor of the observations of the signal on uhe oo. ci.n 
of an electron beam oscillograph. Analysis of the power spectrum 
(Fig. 17 and 18) of the velocity fluctuations in the boundary layer 
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(Re<Re fc ) upon exposure to various discrete sound frequencies fg from 
the "active" band showed that, depending on the position cf frequency 
f relative to the theoretical instability region (dashed line X— II), 
foui 1 types of interaction can be distinguished: a. ''direct resonance" 

(curves 2-4 in Fig. 17); b. "induced resonance" (curves 2 and 4 in Fig. 
18 ); c. "direct resonance" from one harmonic of a given sound fre- 
quency (curve 5 in Fig. 17), 2 s well as d. "direct resonance" with a 
low sound amplitude changing to "induced resonance" with increase in 
acoustical pressure level [18, 20]. The last type of interaction was 
observed when sound frequency coincided with branch II of the 

neutral stability curve. We note' that curves .1 in Fig. 17 and 13 
represent the spectrum of perturbations in the boundary layer in the 
absence of acoustical exposure. The logarithmic amplitude scale is 
the same for all measurements in Fig. 17 and 18 . Each subsequent 
spectrogram is displaced by one division relative to the preceaing. 

The results of the experiments presented in Fig. l6-l8 permit the hy- 
potnesis to be stated [6 et al] that the Re t -const "wing" with e<0.1* 
in the tests of Sehubauer and Skramsted is associated with a high 
acoustical pressure level (105-107 dB) in the wind tunnel of the Na- 
tional Bureau of Standards. The power spectra of the pertubations 
(predominantly acoustical) of this installation contained discrete 
frequencies f=60 and 95 Hz, the harmonics of which correspond to the 
"active" freouency band. Therefore, with e<0.1%, a change ox the 
turbulent mode affected the Re ^ number but, with c<0 . 15 , the leading 
role in the development of perturbations in the boundary layer and m 
the transition to turbulence was that of the acoustical mode, the in- 
tensity and power spectrum of which remained constant. This is the 
answer to question No. 1 m the introduction. 

Study of the mutual time and space correlations between the 
pressure pulsations in the flow and the velocity fluctuations m the 
boundary layer due to type a interactions ("direct resonance") showed 
that, upon exposure to sound, hydrodynamic waves of the same frequency 
f-, originate and actively develop in the laminar boundary layer. The 
region of existence of these waves is included between the axinl line 
of the instability zone and branch II of the neutral stability curve 
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(NSC), The wavelengths of the soun.i Induced hydrodynamic waves in 
this type of interaction, as well as their phase velocities corre- 
spond to the predictions of linear stability theory [ 18 , 19 ]. 





1 a 


Subsequent experiments and observations of the boundary layer 
structure exposed to an acoustical field showed that the abov ament ioned 
types of interaction are essentially the same process, where the type 
of interaction depends basically on the position of the observation 
po^nt m ^requency-Reynolds number coordinates. We turn to Fig. 
in which the following are represent 1 . tranches 1 and 2 of the 
theore t ica x neutral stability curves 2 . region (cross hatched) of 
exigence of intensely developing hydrodynamic waves excited by sound 
of frequency f Q according to [18]. The vertical line rt Rc*=3370 cor- 
responds to the "active ’ band of acoustical frequencies for a given 
Re number (see Fig. 1 f . om Llo]). Segment f, p" on this line corre- 
sponds to the "direct resonance" frequencies, and segment "b" cor- 
responds to the "induced resonance." It is clear that the type "c" , 

interaction is a particular cr<sc of "direct resonance," and that it 
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is manifested with the imposed sound of the higher harmonics present 
in the spectrum. The type »d" interaction is observed upon coinci- 
dence of the sound frequency Kith the second branch of the neutral 
stability curve (at the junction of the type "a" and "b" interactions), 
and it is associated with the level of the acoustical energy supplied. 
The bas.LC types of interaction should thus be considered types "a" 
and "b." "Direct resonance" is observed in extensive region 2 (Fig. 
19). Experiments show that if, with a fixed acoustical pressure level 
and constant sound frequency f Q , which corresponds for example to di- 
mensionless frequency F~32.5-10~ 6 (see the horizontal line in Fig. 

19), to study the frequency structure of the perturbations in the 
boundary level with increasing Re numbers, a type "a" interaction is 
observed initially and then the "induced resonance" (type "b"). In 
other words , hydrodynamic oscillations with sound frequency f origi- 
nate and actively develop as a result of the sound in region 2 but, 
upon reaching branch 2 cf the neutral stability curve, velocity fluc- 
tuations with frequency f Q transmit their energy to lower frequency 
wave packets which correspond to the inner zones of the instability 
region. A similar "fundamental tone" behavior is observed in the na- 
tural transition (see [9, 12], as well as Fig. 10 of the present work). 

Based on the abovementioned , we attempt to answer the question 
ns to the causes of the disagreement of the results of the experi- 
ments presented in Fig. 2a and 2b. The amplitude-frequency curve Df 
the plate vibrations due to sound of an equal level is presented in 
Fig. 20. Comparison of these data with function Re. (e . f ^ for 
three randomly selected sound frequencies of the "active" band (Fig. 

2a) shows that disturbance of the monotonic nature of function 
Ke t (f V with Ep s const correlates well with the amplitude of the in- 
duced vibrations of the plate. There is quite good agreement between 
the data in Fig. 20 and the certain "hollowness" of the boundary layer 
reaction at the frequency of the acoustical field (see Fig. 1 in [17]). 
These facts permit it to be proposed that the acute resonance sensi- 
tivity of the boundary layer to only individual frequencies is con- 
nected in [ -I ] with the natural frequencies of the experimental instal- 
lation. A similar conclusion was drawn in [23]. 
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The types of interaction 
discussed above are related 
to both the frequency struc- 
ture of. the perturbations in 
the boundary layer and the 
nature of the disruption of 
the laminar conditions in 
the transition to turbulence. 
A series of curves of in- 
crease of intensity of ve- 
locity pulsations in the 
boundary layer as a function 
of the Re" number, sound fre- 
quency and acoustical pres- 
sure level is presented in 
Fig. 21 for flow velocity 
U~33 m/s (U/v=2.03*10 6 rrT 1 ). 
The shaded symbols on the 
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curve denote Reynolds number Re t " of the start of the transition to 
turbulence. Curves 1 correspond to sound frequency f Q =307 Hz with 
acoustical pressure level in the 1/3 octave band: a. P=90 dB; b. 

P=97 dB; c. P=103 dB; d. P=107 dB. Curves 2 , fg-^OO Hz: a. P“91 dB; 

b. 105 dB. it is common to both frequencies f^=307 Hz and' fg =, t00 
Hz that, with increase in acoustical pressure level, the origin of 
the transition region is displaced toward the leading edge of the 
plate. For different frequencies however, there are significant 
differences in the behavior of the curves of the rise in pulsation 
amplitude. It is evident that the development of turbulent spots 
for f Q =i <00 Hz occurs at quite low levels of perturbation in the 
boundary layer (3*2$ and 2.6%), where the lower value of U'/U^ cor- 
responds to the higher acoustical pressure level. The position of 
the instability region shown in the upper part of the figure (line 
3(2) for f o =i!00 Hz) indicates that a type "b" Interaction is dis- 
played in this case. It also is evident that, at fQ-30? Hz, the in- 
crease in perturbations in the boundary layer , right up to the start 
of disruption of the wave process occurs in the instability region 
(line 3(1)) and "direct resonance" is consequently displayed in this 
case. The disruption of "regular" waves at f 0 =307 Hz occurs with 
significantly higher intensities, and the amplitudes Ox these oscil- 
lations are the higher with Re numbers, the great-ex* the acoustical 
pressure level (right up to U'/U^=17S with P=107 oB). 


Observations of the nature of the signal on the osoillograpn 
screen at the beginning of the region of ti*ansition to turbulence 
permits it to be state* that, upon exposure to acoustical fields with 
frequencies f^lOO Hz and f Q ^307 Hz, we encounter different mechanisms 
of the development of turbulence. At f 0 =400 Hz, the modulated "fund- 
amental tone" normal fox* a natural transition, then subsequent inc. ea^-c 
of the depth of modulation with the appearance and further development 
of turbulent spots are seen. Upon exposure to sound with frequency 
f Q :: 3d7 Hz, an increase in amplitude of quite clean, in the broad sense 
stationary sinusoidal oscillations is observed, with subsequent ap- 
pearanec of high frequency pulsations on the wave "crests." The nature 
of the disruption of the regular oscillations in this case is si mi lax 
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to that observed by Obremski and Fejer [22], and it is thus a third 
type of transition to turbulence. This type of transition is ob- 
served when the energy supplied from outside is sufficient for the 
development of oscillations viith preservation of the same frequency 
right up to the start of disruption of the conditions within the in- 
stability region. In chose cases when the energy of the outs.Lde 
perturbation is small and the "fundamental tone" falls to develop 
enough for its destruction. to start before reaching the second branch 
of the neutral stability curve, the transfer of energy occurs to lower 
frequency packages, and disruption of the ordered processes occurs as 
a result of the interaction of the low frequencies of one package. 
Amplitude modulation of the new "fundamental tone" appears in these 
cases, and turbulent spots then form on the crests of the modulated 
signal. This kind of disruption of Tollmin-Schlichting waves is ob- 
served most often with a quite low level of outside perturbations. A 
similar development of wave processes upon introduction of two waves 
was observed in a "model" experiment [13]. 

We return to [19], and we note two facts without special discus- 
sion. 


1. Two situations were observed in studies of mutual space cor- 
relations P’U 1 (X): a. sound induced hydrodynamic waves (HDW) wore 

observed in the entire range of displacement of the sensor covered ly 
measurement; however, the start of intensive growt! of. the amplitude 
of these waves was connected with the central none of the instability 
region; the amplitude cf the hydrodynamic waves in these cases, right 
up to the "critical" point, was small and no tendency for it to grow 
was observed; b. the hydrodynamic’ waves formed in the central zone ’of 
the instability region and were intensely amplified right up to the 
second branch of the neutral stability curve. In this case, attempts 


li 

For technical reasons, the range of movement of trr sensor was not 

over 1100 mm with minimum distances from the leading edge of 1000 mm 
and 50G mm. 
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to isolate hydrodynamic waves ahead of the "critical" point by filtra- 
tion and subsequent amplification of the signal failed. 

2. All attempts to isolate the sound induced hydrodynamic waves 
at dimensionless frequency P*10^<18, with the utilization of this pa- 
rameter as both the frequency and the flow velocity proved to be fu- 
tile in the 1500<Re :: <3(500 range of numbers studied. 

We also note that the longitudinal +1 dB-+2 dB irregularity of 
the acoustical pressure level as a function of ± 0 , noted in [13, 19 ] s . 
was not a random scatter of the measurement results, but was of a regu- 
lar sinusoidal nature. This indicates that the boundary layer was 
acted on by both the direct wave directed upstream and the reflected 
wave. In this case, some disturbance of the frequencies of the di- 
rect and reflected acoustical waves because of the presence of a small 
but finite flow velocity is possible. 

Despite many facts which are evidence of a quite clear connec- 
tion between the parameters of sound., vibrations of the model and per- 
turbations of the flow in the boundary layer, the question of these 
interactions is not simple or resolved. The attention of theoreti- 
cians both in our country and abroad has recently been attracted to 
the question of the interaction of acoustical fields with shearing 
flows (see [26] for example). There is however qualitative agreement 
of theory with experiment so far only for specific cases ol' interac- 
tion in the area of the leading edge. Despite the fact that a number 
of the experimental facts described above are evidence in favor of 
other possible types of transf ormation of an acoustical field to hy- 
drodynamic vibrations in the boundary layer, direct, indisputable 
proof of other mechanisms of interaction still are lacking. 

The answer also remains unclear as to the question of the ex- 
tent to which vibrations of a plate with displacement amplitude on 

_7 

the order of 10 m and displacement velocities of 10 m/s con- 
tribute to the formation of hydrodynamic waves with pulsation ve- 
locities on the order of 1 m/s, and are not vibrations of a model de- 


30 


rivative from the wave processes of the boundary layer. These ques- 
tions can only be answered by further theoretical and experimental 
studies. 


5_ ._ Role of Configuration of Leading Edge of Plate 

The conclusions that the role of the leading edge of a plate is 
important in the conversion of external perturbations to Tollmin- 
Schlichting waves was expressed in print for the first time in [23], 
and it was more clearly formulated after the conduct of special ex- 
periments in [15, 2*0. The experiments described below to study the 
structure of perturbations in the area of the leading edge in condi- 
tions of a low level of external turbulence were performed by the 
author of these lines independently and in parallel with the authors 
of [15, 21, 2*0. The experiments showed that, with degree of tur- 
bulence of the unperturbed flow e u =0.032 in the boundary layer of a 
flat plate with an ellipsoidal inlet section (working surface half 
axis ratio 2 mm: 165 mm, radius of curvature of leading edge r~0.5 
mm), powerful wave processes originate with a clearly expressed dis- 
crete frequency. The frequency spectra of the longitudinal component 
of the velocity pulsations arc shown in Fig. 22: 1. in the external 

flow st a distance of *)0 mm from the leading edge (e =0.078^) ; 2. in 
the boundary layer, X---10 mm (U=U'/U6--0. 52; Re"»l60); 3. X=0.2 m 
( *J— 0 . 52 : He -730). Discrete vibrations with frequency f^90 Hs are 
easily seen in curve 2. With increase of the Re numeer , they are 
gradually transformed into pulsations with frequencies of 105 and 150 
Hz. It is characteristic that, for the same plate, discrete vibra- 
tions with almost the same frequency are easily seen at the leading 
edge and in the velocity pulsation spectra of the boundary layer with 
significantly higher intensity of incoming flow turbulence (see Fig. 
13 of the present work). 


The nature of the change In integral value of the velocity pulsa- 
tions along the plate is shown in F1.g. 23a (curve 1, -0.037.: 

" J oo > 

U~0. 05w = const ; 2. e uc4 =0.7?; U=0. 'Pi-const ) . The abrupt increase in 
value o' U* an the irrsni. .J„ate vicinity of the leading edge fox* curve T 
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(by approximately two orders of 
magnitude), with a subsequent mono- 
tonic decrease in pulsation inten- 
sity attracts attention. With in- 
crease in turbulence of the flow, 
the amplification "coefficient” of 
the pulsations is much less, but 
an increase in intensity of the 
perturbations also is accompanied 
by the isolation of a discrete 
pulsation package of almost the 
same frequency. The leading edge 
of the plate thus operates in these 
conditions as a selective amplifier. 
We note that the intensity of the 
velocity pulsations in the Initial 
sections of the boundary layer is 
half as much with increased, tur- 
bulence as with low turbulence. At 




o c o.: o.2 >:[«) 

Fig. 23. 


the same time, an increase 
in pulsation level with dis- 
tance from the' leading edge 
is c3 early expi-essed for 
curve 1 and, for curve 2, 
an increase in the integral 
pulsation intensity. The 
increase of perturbations 
with increased turbulence 
is easily examined from the 
velocity pulsation spectra 
in Fig. 13 ; and it is con- 
nected with the peculiarity 
of tne transition to tur- 
bulence witn tne stage of 
development of the Tolimin- 
ScLlichbing waves by- 
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Passed. It also is evident from Fig. 13 that the discrete frequency 
package, which is distinctly expressed at the leading edge, plays no 
part in the phenomena of transition to turbulence and, decreasing in 
amplitude with increase in the Re number, it is gradually dissolved 
into a continuous spectrum. We also note that subsequent develop- 
ment of oscillations with frequency f=150 Hz, which is displayed as 
a result of degeneration of the "fundamental tone" with f Q =90 Hz 
(curve 3 in Fig. 22), was followed in detail in Section 2 (Figures 
(11) and (12)), where it was shown that these vibrations arising at 

the leading edge play only an auxiliary role in the transition phe- 
nomena. 
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Of what in our opinion, does the mechanism of the abrupt in- 
crease of velocity pulsations at the leading edge of the plate con- 
sist? 
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We turn asain to data of the experiment on distribution of pres- 
sure in the initial seotions of the plate compared with the results 
of theoretical calculation [11]. The results of theoretical calcula- 
tion of the distribution of the static pressure in the initial sec- 
tion of a given plate with change in angle of incidence in the " 

22.5' >a>-22.5* range with Aa=*L5' steps are presented in Pig. 2 l \ . 

The results of the experiment which correspond to limiting curves 1 
and 6 in Fig. 5 are plotted with the symbols. It is evident that the 
local angle of approach of the flov/ to the plate changed between 
-13.5' and +9» in the conditions of the experiment, from which :Lt fol- 
lows that the nature of the pressure distribution in the vicinity of 
the leading edge is extremely sensitive to negligible chai gas in the 
angle of incidence of the plate or, which is the same, to variations 
of the reentry angle of the flow to the plate. Further, estimates of 
change of the instantaneous velocity vector of the flow as a result 
of the transverse component of the velocity pulsations, even with a 
very low intensity of incoming flow turbulence, show' that changes of 
the angle of approach of the flow to the plate are on the order of 
magnitude of a few minutes (for U»/U=0.07S, Ao-2.H*). It follows from 
oh.. Tig 2A dctta that, for X=10-2Ci mm, such a change of the angle of 
incidence corresponds to ACp=(Pi-Pk)/q£0.02, from which AU/U=,'5Cp{jj0.15. 
In order of magnitude, this corresponds to the experimentally ob- 
served velocity pulsations in the boundary layer. Based on this, the 
mechanism of amplification of the velocity fluctuations in the area of 
the leading edge appears to be the following: the transverse cornoc- 

nen>, oj. the velocity pulsations (normal to the plane of the plate) of 
t.he incident flow induces fluctuations of the local angle of approach 
of the flow. This leads to redistribution in time of the pressure 
(consequently velocity) on curvilinear sections of the plate with 
simultaneous amplification of the velocity pulsation amplitudes. In 
this case, the "coefficient" of gain of the velocity pulsations 
should be connected with an angular measure of pulsations of the 
poin., of 1 low and consequently, with the parameters of the trans- 
verse components of velocity pulsations incident on the edge and the 
radius of the intake edge, as well as with the parameters [words 
illegible] to the plate . 

3 ^ 


/60 


- -vv. . r - 





Measurements of the pulsation intensity on the initial section of 
the plate (obtained with b :a=l: 33) with leading edge radius r=l mm, 
performed with a low level of perturbations (e u =0.03/O and preserva- 
tion of the smooth converging tube distribution of static pressure in 
the intake sections , showed that the "coefficient" of gain was re- 
duced by an order of magnitude (Fig. 23b) from that of curve 1 in Fig. 
23a. This confirms the correctness of the positions expressed. 

The quasistationary mechanism of conversion of the vertical ve- 
locity pulsation component to a longitudinal pulsation component in 
the boundary layer formulated above corresponds qualitatively to the 
results and conclusions of the experiments and theoretical develop- 
ments in [15, 23, 24] . Based on our mechanism however, the decisive 
role belongs to the specific configuration of the leading edge, while 
the conclusions, calculations and substantiations in [15, 23, 24 j 
were made for a plate with a "sharp" leading edge (r<<A), where the 
actual configuration of the intake section plays no part in this case. 

It is evident that the quasistationary mechanism of transforma- 
tion of the transverse components of pulsation of the external flow 
to longitudinal fluctuations of the flow in the boundary layer will 
act similarly both in transverse vibrations of the plate [23] and in 
the imposition of a transverse acoustical field [24 ]. J It must be 
emphasized that the action of the abovementioned mechanism concerns 
conditions of a low level of turbulence which is characteristic of 
a low frequency (longwave) spectrum, while, with increased turbulence 
with a broad spectrum of vortex system scales, transformation of 
perturbations at the leading edge is more complex. 

There also is no doubt that the analysis conducted is built up 
on spotty results of an exploratory experiment which does not yet. 


'•^It should be noted that, in [253, attention is drawn 
ity of operation of cylindrical leading edges as a "... 
locity pulsations in conditions of exposure to a trax 


to the possibil- 
.rnplifier" of ve- 
averse acoustical 


field. 
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answer all the questions. The greatest vagueness is connected with 
the conditions of origination and regularities of behavior of vibra- 
tions of a discrete frequency in tne initial sections of the boundary A 
layer. There is no doubt that these regular perturbations are self 
excited and connected with the leading edge configuration. It can be 
thought that the feedback mechanism of the self exciting process is 
acoustical in this case. Only further experiments however can con- 
firm the correctness of such hypotheses. The main and, to be sure, 
undoubted conclusion which flows from the abovementioned is that che 
acute sensitivity of the pressure gradients at the leading edge of 
real models with a specific surface curvature to the position of the 
point of flow determines the mechanism of transformation of trans- 
verse flow fluctuations of any nature to longitudinal velocity fluc- 
tuations in the boundary layer, with simultaneous amplification of 
these fli ituations. 

6 . E ffec. of Incident Flow Velocity 

The disagreement of the results of the experiments in [1] and 
[5] is explained by both the individual features of the nature and 
structure of the flow perturbations in different wind tunnels and, 
as well, by the methods of change of intensity of the turbulence. 

While the value of e was changed in [1 with a set of given grids in 
the mixing chamber and the experiments to determine the Re (e) num- 

X/ 

ber were performed at constant flow velocity, in the tests of V.M. 
Filippov [5] (just as basically of the author of the present; work), 
functions Re^(e) were obtained with constant conditio, s in the mixing 
chamber, with change in the degree of turbulence by increase of the 
flow velocity. If the data of V.M. Filippov and our results are pre- 
sented in the form of function Re^CU), the disagreement observed in 
Fig. 1 is significantly reduced (Fig. 25: 1. results of author; 2. 

data of Filippov), and they can be explained by some difference in 
pressure distribution In the vicinity of the leading edge (Fig. 7). 

It must be noted that our results anu the data of Filippov were ob- 
tained in identical wind tunnels but on different models of the plates 
and auxiliary structures located in the 'working section of the wind 
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tunnel. Precisely this latter situation led to differences in the de- 
pendence of the integral turbulent intensity on the flow velocity. 
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At the same time, the coincidence of our results with the data 
of V.M. Filippov when they are presented in Re^OJ) coordinates (I-ig. 
^ 5 ) with the significant difference in Fig. 1 is evidence that the 
primary effect of perturbations of the flow on the state of the 
boundary layer is not connected, as is generally accepted, with the 
integral value of the degree of turbulence. The vibrational energy 
with frequencies which correspond to those internal areas of the 
theoretical instability region where the rate of increase of per- 
turbation amplitude is the greatest has a more significant effect on 
the development of perturbations in tf.e boundary layer. 

In comparing the power spectra of the external turbulence in 
their conventional representations (Fig. -26a) for di 1 Cerent J. low ve- 
locities, it car. be seen that, with increase an flow rate, '.lie spec- 
tra become more filled in both amplitude and frequency. Presents- 
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ticn or the same spectra In E-f(»v/« 2 > coordinates has the result 
that, with increase In flow velocity, the external perturbations en- 
compass a smaller and smaller range of dimensionless frequencies 
F « and are displaced downward outside the limits of the theorot-.al 

instability region (Pig. 26b). In Fig. 26, curve 1 corresponds to 
1.-13. 1 m/r, 2 to U-30.2 m/s, 3 to to. 6 m/s and 1 to 51.3 
letter e designates the theoretical lines of tne neutra - a 
curve In Re«=f (»b/U 2 ) coordinates. 




c. E(f), Ha“ l 

d. l‘> Hz 


e . Neutral stability 
curve 
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The data in Fig. 26b permit explanation of the effect of staoili- 
zatlon of the Re fc numbers in our experiments with 00.0855 (Fig. 1) or 
U>H 5 m/s (Fig. 27), by displacement of the actual power spectra of tne 
external turbulence with increase in velocity outside the active 
range of dimensionless frequencies, which are most sensitive to ex- 
ternal perturbations. 

in summarizing the abovementioned, the following main conclusions 
can be noted. 

1. The structure of the flow perturbations in a laminar boundary 
layer (LBL) in all stages of its development under "natural" condi- 
tions, with a low level of external perturbations, is a complex con- 
glomerate of wave processes. The behavior of the perturbations basi- 
cally obeys the conclusions and predictions of stability theory. 

2 With a relatively low level of external perturbations, a 
package of discrete frequencies is isolated in the ianinary boundary 
layer, which is responsible for the transition to turbuxonce, a i . 
similar isolated frequency packets in the externa.-, per ocubat^n 

tra correspond . 

3 Depending on the intensity of the turbulence of the incident 
flow, the energies of the package of discrete fluctuations of the ex- 
ternal perturbations which most strongly affect the wave process in 
the Ianinary boundary layer, as well as on the position of the Q im 
sionless fluency of these perturbations relative to th. -a= tlv. 
zone, of the theoretical instability region .ri tlie r.a 

ti ; n ; three different types of disruption of laminar conditions are 

di stinguished : 

a. disruption of the Tollmin-Schliohting waves as a result 
of the interaction of several wave processes which belong to the an- 
stability region, characterized by a cltarly expreo. * ' 

the fundamental tone 11 with the appearance of turbulen • spo ... 

crests of the modulated signal; 


■' , * 





b. disruption of the Tollmin-Schlichting waves in a regular 
single wave condition; 


c. disruption of the laminar state with the development of 
a continuous spectrum of vibrations., bypassing the stage of formation 
and development of Tolimin-Schlichting waves. 

Acoustical perturbations play an important role in the de- 
velopment of perturbations in a laminar boundary layer. Their in- 
teraction with the laminar boundary layer occurs only in a specific 
"active" frequency band. The mechanism of this interaction is not 
completely clear, since a number of experimental facts cannot be ex- 
plained at this stage by either existing theoretical work or the hy- 
pothesis of the role of the leading edge. 

5. The leading edge of the models is of great importance in the 
mechanism of transformation of external perturbations to velocity fluc- 
tuations in a laminar boundary layer, even with a low level of per- 
turbation of the incident flow. The acute sensitivity of the pres- 
sure ’ gradients in the initial sections of the laminar boundary layers 
of real models to the location of the point of flow has the decisive 
role here. In these conditions, the leading edge transforms trans- 
flow fluctuations to longitudinal velocity pulsations in the 
lam inary boundary layer ana plays the part of selective amplifier. 
However, the perturbations which originate in these conditions (Toll- 
min-Schlichting waves) do not always play a decisive role in phe- 
nomena of the transition to turbulence. 

6. The position of the transition region in conditions of low 
perturbation levels is not determined by the integral value of the 
degree of turbulence of the flow. Individual packets of external 
perturbations with dimensionless frequencies which correspond to the 
"active" zones of the instability region, which dep ;nd on both the 
perturbation frequency and on the flow velocity, are of greater im- 
portance. 
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